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Measurements of the total cross section for real and virtual photons on protons
at center-of-mass energies in the range from 20 GeV to 270 GeV with photon vir-
tualities up to 5000 GeV2 are presented. For real photons this cross section can
be described by Regge-motivated models while for virtual photons perturbative
QCD can be applied. The measurements of the two HERA collider experiments
ZEUS and H1 open the possibility to investigate the interplay between the two
theoretical approaches in the transition region as well as the high-energy be-
havior of the cross sections. The results of total cross section measurements are
discussed in the above context.
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1 Introduction
The high-energy behavior of the total cross sections for various hadron-hadron
processes show very similar rises with the center-of-mass energy W as shown in
Fig. 1. This behavior can be described by the Regge-motivated ansatz [1–4]
σtotγp = AR(W
2)αR−1 +AP (W
2)αP−1. (1)
It is found that this ansatz also describes the photon-proton cross section for
real photons which is referred to as photoproduction (PHP), as will be explained
in Sect. 5 in more detail.
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Figure 1: Total cross sec-
tion as a function of labora-
tory beam momentum for var-
ious hadron-hadron scattering
processes.
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Figure 2: Kinematic range inQ2 and x covered
by DIS experiments.
In deep inelastic scattering processes (DIS) the application of perturbative
(pQCD) is possible due to the presence of a hard scale. In DIS the hard scale is
given by the photon virtuality Q2. This presents the interesting opportunity to
compare Regge-motivated models with pQCD calculations and to look for their
potential relations.
At HERA 27.5 GeVpositrons collide with 820 GeV protons, resulting in a center-
of-mass energy of 300 GeV. The kinematic range covered by the experiments
including data up to 1996 is shown in Fig. 2. As follows from Eq. 2 the range in
y is equivalent to a range in W from 20 GeV to 270 GeV. The wide coverage in
these variables offers a unique possibility to investigate the high-energy behavior
of the total cross section for photon-hadron interactions as a function of photon
virtuality Q2. This report provides a review of recent results and a discussion
of the global features of the total cross sections.
1
2 Kinematics of Electron-Proton Scattering
The cross section of the electron-proton scattering process can be expressed in
any two of the four variables
Q2
x
y
W
the negative square of the four momentum transfer between electron and
quark,
the fraction of the proton momentum carried by the struck quark,
the relative energy transfer from the electron to the proton in the proton
rest system and
the center of mass energy of the photon-proton system.
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Figure 3: Schematic view of the high-energy
scattering process ep → eX , illustrating the
variables W and Q2.
They are related as follows:
y =
Q2
sx
W 2 = m2p +Q
2
(
1
x
− 1
)
yielding W 2 ≈ ys (2)
with s being the squared center-of-mass energy of the electron-proton interaction
and mp the proton mass.
In terms of cross sections (σL) and (σT) for longitudinally and transversely
polarized photons the electron-proton cross section can be written as
d2σep
dydQ2
=
α
2π
1
Q2
[(
1 + (1− y)2
y
−
2(1− y)
y
Q2min
Q2
)
σT +
2(1− y)
y
σL
]
,(3)
where terms of the order
mp
s
have been neglected, and where
Q2min ≈ m
2
e
y2
(1− y)
. (4)
For the total cross section measurements in PHP to be presented below y is
between 0.4 and 0.6 for the ZEUS experiment and between 0.3 and 0.7 for the
H1 experiment. Therefore Q2min is of the order of 10
−8 GeV2 .
DIS measurements presented here are restricted to the region y < 0.82. There-
fore the Q2min term in Eq. 3 is ignored in DIS. Writing the cross section as a
function of x rather than y yields
d2σep
dxdQ2
=
α
2π
(1− x)
xQ2
Y +(σT + ǫσL) (5)
with
Y + = 1 + (1− y)2 and ǫ = 2(1−y)
Y +
. (6)
2
In leading order the cross sections are related to the structure functions by
F2 =
Q2
4π2α
(1− x)(σT + σL) FL =
Q2
4π2α
(1− x)σL (7)
were F2 is the sum over the quark and antiquark densities in the proton. Only
one-photon exchange is considered here, so we neglect the structure function F3.
The evolution of the proton structure function F2 is calculable in pQCD once
the distributions q(q) are known at a starting scale Q20. FL can be calculated in
pQCD as well and is a small correction to the total cross section in the kinematic
range considered here. We can therefore write
σtotγ∗p(x,Q
2) ≈
4π2α
Q2
F2(x,Q
2) (8)
This means the measurement of the proton structure function F2 as a function
of x is equivalent to measuring the total γ∗p cross section as a function of x.
Making use of relation 2 this can be transformed into the total cross section as
a function of W, the center-of-mass energy of the photon-proton interaction.
In PHP σL
σT
<< 1. Taking this into account together and integrating over the
accepted range in Q2 Eq. 3 reduces to
dσep
dy
=
α
2π
Y +
y
[
ln
(Q2max
Q2min
)
− ǫ
(
1−
Q2min
Q2max
)]
σtotγp (Wγp) (9)
with
Wγp =
√
4EγEp Eγ = yEe. (10)
Ignoring the second term in the square brackets yields the Weizsa¨cker-Williams
approximation [27] which, for the present experimental situation, overestimates
the flux of photons by approximately 7% [17].
The above formulae show how the total cross section in PHP and DIS are re-
lated and how the latter is related to the parton densities, whose evolution in
Q2 is calculable in pQCD. It should be pointed out that the distinction between
DIS and PHP in the following is based on experimental constraints rather than
different theoretical approaches.
3 Experimental Techniques
Details of the experimental techniques of structure function measurements from
the collaborations H1 and ZEUS can be found elsewhere [8,13] as well as details
on the structure function measurements at low Q2 [9, 14] and the total cross
section measurements in PHP [22–24].
For medium and highQ2 DIS events both the scattered electron and the hadronic
system are measured in the main detector, for low Q2 DIS the electron is mea-
sured in a small calorimeter close to the beam pipe outside the main detector 3m
3
away from the interaction region while the hadronic system is measured in the
main detector. For PHP the electron is detected in a small calorimeter about
35m away from the nominal interaction point, the hadronic system is measured
in the main detector.
For DIS the electron and the hadronic particles produced in the interaction are
used for event classification and for measuring the kinematic variables. Due to
this combination of information from the electron side and the hadron side no
single systematic uncertainty dominates over the whole phase space. Instead
one can roughly summarize the situation as follows: at high W systematic un-
certainties arise primarily from the electron side, while at low W they come
mainly from the hadron side. The combined statistical and systematic uncer-
tainties are typically a few percent, reaching more than 10 percent at the very
edge of the accessible phase space.
In the PHP case, the electrons and the hadrons are used to trigger the event as
well as for event classification, but the kinematics is calculated from the elec-
tron only. Therefore the systematic error is dominated by two contributions:
first, the uncertainty in the acceptance of the electron calorimeter, secondly,
the uncertainty in the MC simulation of the topology of the hadronic final state
produced, which introduces an uncertainty in the acceptance of the main de-
tector. In contrast to the situation in DIS the acceptance varies strongly with
the event topology in PHP. While the determination of the acceptance of the
electron calorimeter is a technical aspect, the uncertainty in the modelling of
the hadronic final state also reflects our limited knowledge of the underlying
physics process. The investigation of these processes is an important field of
study at HERA.
It should be stressed here that from an experimental point of view there is no
major difference between DIS and PHP. In the following, events with the scat-
tered electron in the main detector or the beam pipe calorimeter (ZEUS) are
referred to as DIS. This corresponds to a lower limit in Q2 of 0.1 GeV2 while
the W range reaches from 20 GeV to 270 GeV. For PHP events the scattered
electron is measured in a calorimeter close to the beam pipe 35 m away from
the interaction point for the ZEUS experiment and 33 m for the H1 experiment.
This corresponds to a lower limit on Q2 of the order of 10−8 GeV2. The mean
W is determined by the position of the electron calorimeter and the energy
range of the scattered electrons which reaches from 15.2 GeV to 18.2 GeV for
the ZEUS measurement and 8.3 GeV to 19.25 GeV for the H1 experiment. The
total cross sections in PHP are determined for a single value of W.
4
4 Results from Deep Inelastic Scattering
The measurement of the proton structure function F2 is one of the major
achievements of HERA. Several measurements have been performed taking ad-
vantage of the increasing luminosity and improved detectors and reconstruction
methods [5–9, 11–14]. The results shown here are preliminary results from the
H1 collaboration. The low Q2 data shown in Fig. 4 is from the running period
1996 [15], compared to previously published data. The high Q2 data shown in
Fig. 4 is from the running periods 1996 and 1997 [16]. A QCD fit has been
performed to the low Q2 data and then extrapolated to the high Q2 regime.
The very good agreement found is an impressive validation of pQCD in this
kinematic range.
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Figure 4: Preliminary results
of the proton structure function
F2(x,Q
2) at low Q2 . The line shows
the result of a QCD fit to the data.
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Figure 5: Preliminary results on the
proton structure function F2 at high
Q2. The line shows the QCD fit to
the low Q2 data, extrapolated to high
Q2.
As the focus is on the high-energy behavior of the total cross section it is instruc-
tive to inspect the slope of F2 with respect to x for fixed Q
2. This is equivalent
to investigating the total cross section as a function ofW as explained in sect. 2.
In Fig. 6 the slope λeff is shown which is derived by fitting the function
ln(F2) = a+ λeff ln
(
1
x
)
x < 0.1 (11)
to the measured structure function data from various analyses [13–15]. F2 ∝ x
−λ
implies σtotγ∗p ∝ W
2λ, hence the result from this fit can be compared with the
value of αP in Eq. 1.
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Figure 6: The slope λeff of F2
as a function of Q2 .
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As can be seen in Fig. 6 the slope of F2 is found to rise with increasing
Q2. For decreasing Q2 it approaches the value which is found in hadron-hadron
scattering. The gap between the DIS measurements and the PHP measure-
ments is covered by structure function measurements using the ZEUS beam-
pipe calorimeter [9]. The results of this measurement are shown in Fig. 7. They
are compared to recent models which aim to describe the transition from PHP
to DIS. The Donnachie-Landshoff ansatz [2] which assumes a power behavior as
shown in Eq. 1, the CKMT model [28] which introduces a Q2 dependence of this
power-law rise of the cross section with W. The Q2 dependence is fitted using
NMC data. The BK ansatz [29] which is based on the generalized vector meson
dominance model, the ABY model [30] which combines NLO-QCD fits and a
soft component and the F2 calculated from the GRV94 parton densities [31]
which are tuned in such a way that they reproduce the transition from a slow
to a steep rise of the cross section. None of these approaches is able to describe
the cross section in the transition region. It should be mentioned that the ABY
model uses the BPC data to fix its parameters while the GRV94 parton den-
sities were tuned even before the HERA94 DIS data was available. The fact
that none of the models can reproduce the cross section in the transition region
between DIS and PHP without explicitly using the measurements to constrain
the parametrizations indicates that neither pQCD nor Regge-motivated models
alone are able to describe the underlying physics.
6
5 Results from Photoproduction
Measurements of the total cross section in PHP have been performed by ZEUS
[22] and by H1 [24]. At present only measurements for a single value of W for
each experiment are available. The results are presented in Fig. 8, together with
results at lower values ofW [25]. Also shown are curves for the DL parametriza-
tion as in Eq. 1 for two values of αP , 1.08 and 1.11, representing the uncertainty
on this value from hadron-hadron data [2, 3].
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Figure 8: Results on the total photoproduction cross section
In contrast to the situation in DIS, the systematic error in PHP is dominated
by two contributions, the error arising from the uncertainty in the acceptance
of the electron calorimeter and the uncertainty of the acceptance of the main
detector as described in Sect. 3. The exact results and the contributions from
the two major sources of systematic uncertainties are for the H1 experiment
σtotγp = 165.3± 2.3(stat.)± 10.9(syst.) µb at W = 200 GeV.
From the ±10.9µb systematic error
±8.5 µb are due to uncertainty on the electron calorimeter acceptance and
±5.1 µb are due to the model dependence of the main detector acceptance.
The cross section measured by the ZEUS experiment is
σtotγp = 143± 4(stat.)± 17(syst.) µb at W = 180 GeV.
From the ±17µb systematic error
±13 µb are due to uncertainty on the electron calorimeter acceptance and
±10 µb are due to the model dependence of the main detector acceptance.
The results are in agreement with the DL ansatz for hadron-hadron data, but
the magnitude of the uncertainties do not allow a determination of αP with an
accuracy comparable to that from the hadronic cross sections.
7
6 Behavior of the Total Cross Section
The results on cross section measurements presented here cover the Q2 range
from 10−8 GeV2 to 5000 GeV2 and the W range from 20 GeV to 270 GeV. As
neither QCD nor Regge models are able to describe the behavior of the total
cross section over the complete phase space we use the most recent update of the
ALLM [20, 21] parametrization to demonstrate some features of the measured
cross section. The basic idea of this parametrization is to describe the total
cross section with a Regge-type ansatz
F2(x,Q
2) =
Q2
Q2 +m20
(
FP2 (x,Q
2) + FR2 (x,Q
2)
)
(12)
with two contributing terms, FP2 (x,Q
2) and FR2 (x,Q
2), which are assumed to
have energy dependences similar to those of the pomeron and reggeon parts in
the DL ansatz. A Q2-dependence is introduced in such a way that the behavior
is compatible with QCD expectations at high values of Q2 and on the other
hand reproduces the measured cross sections for PHP. This ansatz is able to
describe the data in the whole kinematic region covered by the measurements
(Fig. 9).
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pared to the ALLM97 fit. Also shown
the cross sections calculated from a recent
parton density set (MRSR1).
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A major difference of the recent update of the parametrization [21] compared
to the initial one [20] is visible at low Q2 (Fig. 10 and Fig. 11) and is the result
of the inclusion of the new data [9, 14] in this region.
It is important to note that the intercept for the pomeron-like part FP2 is fixed
at 1.08 for Q2 = 0 GeV2, the result of fits to hadron-hadron data, accounting
for the fact that the errors on the total cross section measurements from HERA
at Q2 = 0 GeV2 are not small enough to extract this value from HERA data
alone.
This parametrization can be used to characterize the behavior of the total cross
section. In Fig. 11 the Q2-dependence of the parameter αP is shown. This
parameter αP as calculated from the fit parameters can then be compared to
λeff as derived in Sect. 4 from the data. The result is shown in Fig. 12. We
see that there is good agreement between the methods. However, at the highest
Q2, the fit to the data yields somewhat higher values for λeff than what is cal-
culated from the ALLM97 parameters. This points to systematic uncertainties
in determining this quantity which is of particular interest because its behavior
as a function of Q2 can also be addressed theoretically by means of pQCD [32].
A second difference between the old and the new version of the parametrization
is the value of αP at high Q
2, which is significantly lower in the 97 version. In
summary, it can be stated that the change in the behavior of the cross section
as a function of Q2 from flat to a steep rise is a gradual one which develops
over a wide range in Q2. Interpreting the steepness of the rise as an indication
whether we are in the soft or in the hard regime we conclude that the transition
between both takes place over a wide range in Q2.
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Figure 12: Comparison of λ as
determined from the data [15]
and the slope calculated from
the ALLM97 parametrization.
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7 Extrapolation of DIS results to Q2 = 0 GeV2
As was shown in the previous sections the DIS results allow the determination
of the dependence of the total cross section on W and Q2 and its comparison to
pQCD calculations. On the other hand the results on total cross section mea-
surements in PHP allow comparisons with hadron-hadron data and Regge-based
models. To gain more insight into this, an attempt was made to extrapolate
the DIS data to Q2 = 0 GeV2 . It should be stressed that the errors on the
F2 values and hence the cross section values in single bins are not necessarily
much smaller than the error on the total cross section in PHP. However, in DIS
we benefit from the fact that the large W range covered by the experiments
constrains the rise of the cross section while in PHP we have only two mea-
surements at very similar values of W. As pQCD-calculations do not work at
Q2 = 0 GeV2 we have to use an appropriate model to do this extrapolation.
In the example shown here a generalized vector dominance model is used. The
asymptotic behavior for Q2 → 0 GeV2 is
σtotγ∗p =
M2
Q2 +M2
σtotγp . (13)
The fit shown in Fig. 13 yields M = (0.73± 0.03) GeV [10].
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Figure 14: Result of the extrapola-
tion of BPC data to Q2 = 0 GeV2,
compared to PHP measurements.
The result of the extrapolation is shown in Fig. 14. The error bars shown
include the systematic and statistical uncertainties of the F2 measurement and
the contribution to the error due to the assumption about FL. They do not
include effects due to model dependences of the extrapolation of the cross section
10
to Q2 = 0 GeV2. More details on this can be found in [18, 19]. The result of
the extrapolation is in agreement with the direct measurements. However, the
error is not significantly smaller than for the direct measurement and model
dependences are not yet included. Fitting a parametrization like Eq. 1 results
in αP = 1.107 if the low energy data is included and
αP = 1.14± 0.04 with αR set to 0 (14)
if the fit is applied to the extrapolated BPC data only. It should be stressed
that the fit to the extrapolated data alone is feasible because they cover a wide
range in W while the direct measurement of the total PHP cross section does
not. Both values are in agreement with hadron-hadron data [2, 3].
8 Conclusions and Outlook
The total cross section in PHP shows a moderate rise with W compatible with
the rise of the hadron-hadron cross section. In DIS this rise becomes steeper
with increasingQ2. A phenomenological fit yields a logarithmic slope of ≈ 1.1 at
Q2 = 1 GeV2 which rises to ≈ 1.4 at Q2 = 5000 GeV2. The change of the slope
takes place gradually over the entire Q2 range. The behavior of the structure
function F2(x,Q
2) from which the total cross section is calculated in DIS is in
good agreement with pQCD calculations for Q2 ≥ 1 GeV2. Extrapolations of
DIS results to Q2 = 0 GeV2 are in agreement with direct measurements and
with results from hadron-hadron data.
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